The objective of this study is to raise the solubilizing ability of vesicles consisting of didodecyldimethylammonium bromide (DDAB), a double chain cationic surfactant.
phobic part. Vesicles are also a form of colloidal aggregates of surfactant molecules and have a bimolecular membrane structure that encloses an aqueous phase.1 '2) In recent years, vesicles have attracted attention as a model of biological membranes and a carrier of drugs in drug delivery systems (DDS). Attention has also been given to vesicles because they have been applied in the field of organic chemical reactions in industry, a collector of organic substances in higher order filtration, and a sensor-base material for stimulus -responsive membranes.3-5) Dissolution or solubilization of hydrophobic substances like aromatic compounds becomes essential in the bilayers of vesicles in these applications.
We have reported solubilization of aromatic compounds with a polar group with vesicles of different sizes prepared using double chain cationic surfactants of different alkyl chain lengths (dialkyldimethylammounium bromides) in our earlier paper.6'7) The all of the aromatic compounds used were found to be solubilized in the vesicle bilayers, that is, in the hydrophobic region.
It was also revealed that the solubilization equilibrium constant is independent of vesicle size for the compounds having a polar group that is hardly dissociable in water, for example, 2-phenylethanol, whereas the constant increases considerably with increasing vesicle size for the compounds having a polar group that is dissociable in water, for instance, benzoic acid and 3-phenylpropionic acid. These results suggest that an increase in vesicle size brings about an increase in the solubilization equilibrium constant for aromatic compounds with a polar group that dissociates in water.
One of the characteristics of vesicles is their ability to retain water-soluble substances in the internal aqueous phase.' If water-soluble substances can be incorporated into the internal aqueous phase of vesicles, the total solubilized (incorporated) amount of these substances (aromatic compounds) would increase.
In this study, we adopted fl-cyclodextrin (j3-CyD), which is hydrophilic, cylindrical in shape, and capable of including other molecules of proper size inside, as the incorporating agent, and 3-phenylpropionic acid and benzilic acid as the solubilizates: The former is easily included and the latter hardy included in P-CyD. Then, vesicles loaded with aqueous g-CyD solution were prepared, each of the two solubilizates was solubilized in the vesicles, and the effect of g-CyD was examined on the solubilization equilibrium constants of the solubilizate. The Orange II method') was also used to determine the surfactant monomer concentration in the permeate side solution ([S] Per) after equilibrium dialysis experiment. The concentration was found to be less than 0.07 mmol/ dm3 and hence the concentration of surfactant forming vesicles, { [S] ret-LS1 per} , was approximated by the total surfactant concentration (0.010 mol/dm3). The value of K was then calculated by equation 3 since Since no surfactant deposition was observed at j3-CyD concentrations below 1 mM, this concentration was used hereafter for fl-CyD in this study.
Solubilization equilibrium constant
The effect of g-CyD in the inner phase of vesicles was examined on the solubilization equilibrium constant of aromatic compounds.
Vesicles of double-chain cationic surfactant molecules become more stable against aggregation and fusion as the vesicle size decrease.6,10,11) Hence, the /3 -CyD -loaded vesicles used in the present study were exposed to ultrasonic irradiation for a sufficiently long time to minimize the vesicle size. This treatment brought about a size of 60 nm for /3-CyD -loaded DDAB vesicles , which was larger than that (20 nm) for the vesicles containing no /3-CyD, due probably to the fact that the presence of /3-CyD in the inner aqueous phase increased its volume, and consequently, the vesicle size. This trend is in accordance with that observed for vesicles loaded with aqueous glucose solution.12) Because /3-CyD is said to easily incorporate straight chain aromatic compounds, the solubilization equilibrium constant, K, of HCA, which is a straight-chain aromatic compound, was determined for DDAB vesicles loaded with /3-CyD and those without fl-CyD (Fig.   1) .
The data for DDAB vesicles without /3-CyD (60 nm) are also shown in the figure for comparison. The solubilization equilibrium constant, K, is plotted against the mole fraction, X, of solubilizate (aromatic compound) inside of vesicles in the figure.
The K value for HCA decreased with increasing X in all cases. Namely, the solubilizing ability of vesicles for HCA decreased as the concentration of the solubilizate increased in vesicles. It was also found that the K value for DDAB vesicles containing fl-CyD (60 nm) was larger than that for the vesicles without /3 -CyD (20 nm) . This is understandable from view of the finding in the earlier papers6'7) that the K value increases with increase in vesicle size. The K value for the vesicles with /3-CyD (60 nm) was found to be slightly higher than that for without /3-CyD (60 nm). This is due presumably to incorporation of HCA by p -CyD . The solubilization equilibrium constant is thought to increase through incorporation and concentration of straight-chain aromatic compounds like HCA by fi-CyD in the inner aqueous phase of vesicles.
The relation between K and X was examined using benzilic acid, an aromatic compound hardly incorporated by /3-CyD, as the solubilizate (Fig.2) . The K value for fl-CyD-loaded DDAB vesicles was found considerably to be larger than that for the vesicles without fl-CyD. The effect of the cyclodextrin was more remark- able in this case than the case involving the straight chain aromatic compound (Fig. 1) . Benzilic acid has a branched molecular structure, in which two hydrophilic groups.
(-OH and -COOH) are attached to the carbon atom that connects two aromatic rings, and hence, is hardly incorporated by g-CyD.13)
Those aromatic compounds, which have a branched molecular structure and possess hydrophilic groups, are expected to be solubilized by adsorbing to the hydrophilic groups on the surface of vesicle bilayers. In view of this, the potential was measured of /3-CyDloaded DDAB vesicles with solubilized benzilic acid and DDAB vesicles (60 nm) to check the adsorbed state of the solubilizate on the outer vesicle surface ( Table 1) .
As is seen in the table, the potential of g -CyD-loaded DDAB vesicles with solubilized benzilic acid is about 40 mV, which is appreciably lower than 80 mV for DDAB vesicles.
This suggests that dissociated benzilic acid anions adsorb on the outer surface of /3-CyDloaded DDAB vesicles to reduce the surface potential of the vesicles. The increased K value for /3-CyD-loaded DDAB vesicles would be caused by a high adsorbability of benzilic acid to the hydrophilic outer bilayer surface of the vesicles.
The experimental findings mentioned so far imply that changes in the properties of vesicle bilayers (e. g. reduction in bilayer viscosity) produced by /3-CyD addition may be responsible for the increase in K value when the solubilizate is hardly incorporated by the cyclodextrin.
When the K values for DDAB vesicles without /3-CyD in the HCA and benzilic acid solubilizing systems were compared, the value was found higher in the latter system than in the former system.
HCA and benzilic acid are aromatic compounds with a hydrophilic group dissociable in water and solubilized in the vicinity of the bilayer surface of DDAB vesicles. The pKa for HCA and benzilic acid are 4.66 and 3.04'4), respectively. The fact that the K value of benzilic acid is larger than that of HCA would be interpreted, therefore, as showing that benzilic acid dissociates more easily in water and combines more strongly with the hydrophilic groups on the vesicle surface, thereby being solubilized more readily than HCA.
Microscopic viscosity of vesicle bilayers
Since aromatic compounds with hydrophilic groups are solubilized in the hydrophobic region adjacent to the hydrophilic moiety of vesicles,"-") changes in the state of vesicle bilayers were supposed to appreciably affect the K value in both the HCA and benzilic acid solubilizing systems.
The degree of ANS fluorescence polarization was measured on HCA or benzilic acid solubilizing and ANS containing DDAB vesicles (20 nm) and g-CyD -loaded DDAB vesicles (60 nm) for the examination of the state of the hydrophilic moiety of the vesicles. Figures 3 and 4 show the relation between the degree of ANS fluorescence polarization, P, and the concentration of aromatic compound, X, for HCA and benzilic acid, respectively.
The P value was lower for the bilayers of g -CyD-loaded DDAB vesicles than for those of DDAB vesicles containing no cyclodextrin in both the HCA and benzilic acid solubilizing systems.
In general, the degree of ANS fluorescence polarization increases with increase in the packing density of the hydrophilic groups of surfactant molecules in the vesicle surface. In Table 1 Zeta-potential of the vesicle surface at 30°C
Original Paper SHIKIZAI order for the packing density of the surface hydrophilic groups (cationic groups in our case) to become higher, it is said to be essential that the electrostatic repulsion between the hydrophilic groups involved is reduced by the adsorption of the oppositely charged species (anions in our case) to the surface hydrophilic groups and the hydrophilic groups involved are dehydrated."") Also, we reported in our previous paper6'7) that the change in P value observed when oily substances are solubilized in the vesicle bilayers becomes smaller as the vesicle size is reduced because the hydration structure is more rigid for smaller vesicles. Hence, the small changes in P value in the figures caused by incorporation of aromatic compounds in /3 -CyD-loaded DDAB vesicles would be due to the possible presence of rigid hydration structure in these vesicles as in small vesicles.
The finding that the P value started rising at a lower solubilizate concentration in the benzilic acid solubilizing system than in the HCA solubilizing system for fl-CyD-loaded DDAB vesicles would be interpreted by the fact that benzilic acid molecules are bound to the hydrophilic groups of DDAB on the vesicle bilayer surface more strongly than HCA molecules. ANS can also be present in the vesicle bilayer surface on the inner aqueous phase side,'548) and hence, the degree of ANS fluorescence polarization is dependent on the packing density of the hydrophilic groups in the vesicle bilayers on both inner aqueous and outer bulk
phases.
From what we have mentioned so far, we would be able to give the following explanations to the finding that the P value for /3-CyD -loaded DDAB vesicles was lower than that for DDAB vesicles containing no cyclodextrin 
Conclusions
The size of DDAB vesicles was found to increase when /3-CyD, which is a water-soluble substance capable of incorporating molecules of suitable sizes, was dissolved in their inner aqueous phase. No appreciable increase was obtained in the solubilization equilibrium constant of HCA, which is an aromatic compound easily incorporated by /3-CyD, with 
